Introduction
Estimates of fish biomass in estuarine tropical lagoons often rely on commercial cpue as an index of abundance. However, these estimates are highly problematic: the usually highly aggregated distribution patterns may cause cpue to remain relatively stable while stock abundance is being depleted (Caddy, 1999) . Thus, assessment of abundance should ideally come from direct methods consisting of intensive surveys aimed at capturing the usually highly aggregated patterns of population distribution in a variable estuarine environment (Whitfield, 1993) . Nevertheless, there is a conspicuous lack of non-cpue-based population estimates from tropical estuaries because of the absence of directed surveys. The few published studies are based on multispecific estimates that do not consider spatially-explicit variations in biomass for each species (mapping) and the inherent uncertainty in stock estimates (Blaber, 1997; Whitfield, 1999) . This is crucial to assess the status of a fishery and to formulate risk-averse management strategies directed to prevent overfishing.
Geostatistical techniques are useful in providing estimates of the variance-covariance structure and mapping of the spatial distribution of abundance of highly aggregated organisms (Conan, 1985; Simard et al., 1992; Petitgas, 1993; Pelletier and Parma, 1994; Maynou et al., 1998) . Such approaches were used to describe the spatial structure and provide biomass estimates of the three dominant fish species, Eugerres plumieri, Mugil incilis and Cathorops spixii (SantosMartínez and Viloria, 1998) , exploited in the Ciénaga Grande de Santa Marta (CGSM). This artisanal fishery is one of most important of Colombia, with 3500 fishers, 1300 canoes and a catch of 5334 t in 1994. The CGSM is part of a lagoon-delta ecosystem classified as Type I (river-dominated, arid, low tidal; Thom, 1984) , containing fringe, basin and riverine mangroves together with smaller lagoons, creeks, canals and mangrove swamps (Botero and Salzwedel, 1999) . To the north, the lagoon complex is separated from the Caribbean Sea by a barrier island, which has an inlet on its eastern and that connects the lagoon directly to the sea. Seasonal changes in salinity, due mainly to variability in inputs from rivers and precipitation, influence the distribution, maturation and spawning rates of the main fish species (Rueda and Santos-Martínez, 1999; Rueda, in press ). Even though these fish populations show highly complex aggregated patterns of distribution (Sánchez, 1997; Bateman, 1998; Rueda, in press) , there is no quantitative analysis of the consequence of spatial variations in abundance on the precision of population estimates. To address this issue, we undertook experimental fishing surveys to estimate the biomass of these species, using the swept area method and geostatistics. Probabilities of exceeding limit reference points (sensu Caddy and Mahon, 1995) , defined in terms of harvestable and spawning biomass, were estimated taking into account spatial and seasonal population variability together with the vulnerability of each species to the fishing gear.
Methods

Study area and fishing surveys
The CGSM is the largest (450 km 2 ) estuarine lagoon of Colombia (Figure 1 ). Four seasons affect the population dynamics of the fish fauna in this lagoon: (I) ''major rainy'' from September to November; (II) ''major dry'' from December to April; (III) ''minor rainy'' from May to June and (IV) ''minor dry'' from July to August (Santos-Martínez and Acero, 1991; Rueda and Santos-Martínez, 1999; Sánchez and Rueda, 1999) . Four seasonal fishing surveys were conducted in two annual cycles (1993-1994 and 1997) , based on a systematic design of 115 stations spaced 2000 m apart and located with a GPS NAV 5000D, covering the whole CGSM (Figure 1 ). At each station, a haul was carried out using a ''boliche'' or encircling gillnet of 5-cm mesh size, which enclosed an average circular area of 5000 m 2 . Eight canoes with outboard motor were used simultaneously to conduct each survey, which took approximately eight hours to complete. Individuals of E. plumieri, M. incilis and C. spixii collected at each station were counted, measured and weighed. Afterwards, fishes were sexed and maturity stages were determined by macroscopic observation of the fresh gonad. A total of 9241 specimens were measured during the study. (Matheron, 1971) , using log-transformed data [log(x+1)], because raw data did not follow a normal distribution:
where Z(x i ) is the biomass per species in a station x i , Z(x i +h) is another biomass value separated from x i by a discrete distance h (measured in meters) and N(h) is the number of pairs of observations separated by h. We used weighted back transformation (Krige, 1981) for the purpose of mapping and to provide fish abundance estimates in the original arithmetic scale, which provides more reliable population estimates than simple backtransformations (GS+, 1998) . Non-directional semivariograms were appropriate because the same spatial structure existed in all directions after checking anisotropy. Analysis of directional variograms were consistent with isotropy, which thus represented the most parsimonious model of spatial structure. Among several theoretical models, spherical and exponential ones best explained the spatial structure of biomass, and thus were used to fit the experimental semivariograms. The models provided the following parameter estimates (Cressie, 1991) : the nugget effect (C o ), which reflects the presence of microscale variation; the sill (C o +C), which defines the asymptotic value of semivariance; and the range (A o ), defined as the distance at which biomass ceases to be correlated. Goodness of fit criteria for model fitting were the reduced sum of squares (RSS), the coefficient of determination (r 2 ) and the high number of pairs near the semivariogram origin. An analysis of the residual sum of squares (ARSS: Chen et al., 1992) was also performed to compare the semivariogram models fitted for each species and season. Biomass estimates per species and season for each year Z |(X o ) were obtained by ordinary point kriging, using the observed values Z(X i ) in the surrounding neighborhood as follows (Matheron, 1971): where i is the vector of observations that minimizes the prediction error (Cressie, 1991) . Maps of biomass were performed over a 424 414 m regular interpolating grid covering the whole area (450 km 2 ), whereas the neighborhood comprised at least 16 nearest neighbours restricted on a radius of 20 000 m. Kriging interpolations were evaluated through jackknife cross-validation, fitting observed (O) and estimated (E) values to a linear regression of the form O= + E. Departures from a one-to-one line through the origin indicate model inadequacy, and thus the significance of and was tested with standard t-tests under the null hypotheses that =0 and =1 (Power, 1993) . The estimated kriging standard deviation was used as a precision index directed to delineate the area within which reliable global estimates could be estimated (Maynou et al., 1998) . Seasonal variations in fish biomass per haul (raw data) were also tested using a two-way ANOVA, with seasons and species as main effects. Assumptions of normality and homoscedasticity were tested and data were log-transformed when necessary. When significant differences were found, Newman-Keuls test comparisons were performed.
Estimation of global harvestable biomass
Global harvestable biomass and the standard deviation per species and seasons were estimated by (a) block kriging (B k ) (Matheron, 1971) and (b) the swept area method (B h ) (King, 1995) . In block kriging, we directly estimated the mean and standard deviation of biomass in each discrete area (block) around an interpolation point. Thus, the discrete summation of mean estimates provided the total biomass over the sampled area. Estimates of kriging standard deviations (SD tk ) were obtained following the same reasoning. A formal computational treatment can be found in Journel and Huijbregts (1978) and Maynou et al. (1998) .
The swept area method was applied as follows:
where C is the mean catch per area a enclosed by the net (5000 m 2 ), A is the stock area (450 km 2 ), and v is the vulnerability, defined as the proportion (of each fish species) retained within the area of influence of the gear (King, 1995) . The standard error (SE h ) of the mean was derived from the variance estimate (s 2 ):
where n is the number of stations where hauls were carried out and C i is the catch per haul. Thus, the SE h was estimated as SE h =s/√n (King, 1995) .
Selectivity experiments
In order to diminish the estimation error derived from global kriging and swept area methods, biomass estimates were corrected by the vulnerability parameter v, which takes into account the vulnerability of each species to the sampling gear. To quantify v, selectivity experiments were carried out during two seasons of 1994, using two nets (one enclosing the other) with mesh sizes of 5.0 and 1.9 cm in inner-and outer-net, respectively (see also Rueda et al., 1997) . The encounter probability model (Tokai, 1998) was applied to estimate gear vulnerability, defined as the available-selection process (Millar and Fryer, 1999) , proportional to the contact-selection multiplied by the probability that a fish contacts the gear given that it is available to the gear (length-independent encountering probability):
where P is the probability that a fish encounter the inner-net and the backeted term is the length-dependent contact-selection curve of mesh selectivity (sensu Millar and Fryer, 1999) . Species-specific estimates of parameters a, b, and P were obtained by maximizing the log-likelihood function which gave the lowest value of Akaike's Information Criterion (AIC) (Tokai et al., 1996) . It was impossible to obtain georeferenced length data from the surveys. Thus, estimates of lengthdependent vulnerability were averaged for each species based on the length-dependent distribution of biomass in order to correct the biomass estimates derived from geostatistical (B=Fish biomass/v) and swept area [Equation (3)] methods and to provide unbiased global estimates of harvestable fish biomass.
Risk analysis
Seasonal harvestable (B k , B h ) and spawning (B sk , B sh ) biomass estimates were used to quantify the risk of falling below an undesirable biomass threshold. To compute B s , the species-specific proportion of mature individuals in each length class for E. plumieri (Rueda and Santos-Martínez, 1999) , M. incilis (Sánchez et al., 1998) and C. spixii (Tíjaro et al., 1998) Seijo and Caddy, 2000) . For this purpose, C and v were randomly generated by Monte Carlo resampling with lognormal and normal probability density functions, respectively, because the observed Ci data followed a lognormal distribution (Chi-square 7.06, d.f.=3; p=0.07), whereas vulnerability values per species were normally distributed (K-S test: p>0.05). Monte Carlo runs consisted of 1000 simulation trials for each species and season, which produced the probability distributions in B h and B s and the corresponding ratios that were used as LRP to evaluate fishery status.
Results
Spatio-temporal population structure
Semivariograms revealed that fish populations were spatially structured in 16 of the 24 seasonal surveys. In the remaining eight, among which five were carried out during the minor rainy season, the lack of spatial autocorrelation was reflected in flat semivariograms (Figure 2 ), because of a pure nugget effect (Table 1) . Spherical and exponential models successfully explained spatial correlations of seasonal fish biomass, and the same type of model tended to be consistent within seasons and among years for a given species (Table 1 ). The spherical model best explained 11 of the 16 experimental semivariograms, reaching an asymptote at different ranges (which could be considered as an estimate of patch size); whereas the remaining ones were explained by exponential models (Table 1) , suggesting a continuous decay of spatial correlation with distance. Levels of spatial autocorrelation varied between species and seasons, which was reflected by a spatially structured biomass component [C/(C o +C)] (variance explained by the spatial models) that ranged between 50% and 98% ( Table 1 ). The location of high-biomass patches did not overlap between species (Figures 3-5) , and the distribution patterns for each species varied across seasons. This high variability determined that the semivariance significantly varied between seasons (ARSS analysis: F-test >100; pm0.001) and suggested instability in the spatial structure of the populations (Figure 2 ).
Mean biomass of E. plumieri was lowest in the minor rainy season of each year, when spatial autocorrelation was not detected (Tables 1 and 2 ). The highest mean biomass mainly occurred in the major rainy season of 1993-1994 (74 kg km 2 ) and in the major dry of 1997 (203 kg km 2 ). The kriging maps (Figure 3) showed a decrease in the size of the patches or even an absence of patches during the seasons of low biomass levels. M. incilis had the highest mean biomass in the major rainy season of 1993-1994 (134 kg km 2 ) and in the minor dry of 1997 (166 kg km 2 ), whereas the lowest biomass consistently occurred during the minor rainy seasons (Table 2 ). In the remaining seasons, biomass turned out to be relatively homogeneous within low levels (Figure 4) . C. spixii did not show a defined spatial structure in major rainy (1993) (1994) and minor dry (1997) seasons, when mean biomass was lowest (Tables 1  and 2 ). The highest biomass of C. spixii occurred in the minor rainy season of 1993-1994 (54 kg km 2 ) and in the major rainy of 1997 (97 kg km 2 ), when kriging maps evidenced strong aggregated distribution ( Figure 5) .
Jackknife cross-validation showed that kriging predictions for fish biomass were statistically significant, given that the null hypotheses =0 and =1 were never rejected (p>0.05, Table 1 ). This was corroborated by kriging standard deviations values, which were always lowest close to the sampling stations.
The mean biomass per haul (Table 2) , significantly differed between seasons (F 7,2718 =48.8; pm0.01) and species (F 2,2718 =27.7; pm0.01). The season x species interaction was also significant (F 14,2718 =26.6; pm0.01). E. plumieri presented higher seasonal biomass in 1997 than in 1993-1994 (Newman-Keuls test: pm0.01), except for the major rainy season, when the mean biomass per haul did not differ between years (p>0.05). Biomass of M. incilis showed the same patterns as E. plumieri, while biomass per sampling unit of C. spixii did not differ between seasons and years (p>0.05), except for the 1997 major rainy season when biomass had the highest value of the whole period (pm0.01).
Selectivity experiments and harvestable biomass estimates
The encounter probability model described by the threeparameter sigmoid function [Equation (5)] successfully explained the retention probability at size for the three Table 1 . All points include more than 150 pairs. species ( Figure 6 ). Non linear fitting of Equation (5) provided in all cases significant a, b and P parameters that minimized AIC values. The selectivity of the innernet was a function of species size, even though some fish larger than 20 cm (e.g. C. spixii) succeeded in escaping from the inner-net, probably due to their digging behavior. Encounter probabilities to the inner-net for E. plumieri, M. incilis and C. spixii were estimated as 0.72, 1.00 and 0.84 respectively, thus avoiding the net in proportions of 0.28, 0.00, and 0.16 ( Figure 6 ). It was assumed that the encounter probability to the outer-net was 1.00, thus providing conservative estimates of harvestable biomass. The resulting vulnerability that includes the selectivity curve and the encounter probability was 0.5, 0.43, and 0.40 for E. plumieri, M. incilis and C. spixii, respectively. Kriging estimates of global harvestable biomass were on average 16% lower than swept area estimates when corrected by the above estimates of vulnerability for each species (Table 2) .
Risk analysis
Risk analysis using the scenario B s /B h =0.3 showed that the probability of falling below this undesirable threshold varied between species and years ( Figure 7 ). Thus (1) for E. plumieri, the ratio varied between 0.10 (1993-1994) and 0.82 (1997) ; (2) for M. incilis, from 0.06 (1993) (1994) to 0.14 (1997); and (3) for C. spixii, from 0.18 (1993-1994) to 0.13 (1997) . Consequently, the probability of achieving desirable levels for this biomass indicator was very high in all cases, with the exception of E. plumieri in 1997, in which there was a high risk of falling below the LRP. The other indicator of the fishery given by scenario 2 (B s /B h =0.1), showed for all cases probabilities of falling below this LRP lower than 0.05, thus suggesting low probabilities of overexploitation.
Discussion
We provide some of the first model-based estimates of population abundance of fish species from a tropical estuary. Species-specific biomass estimates are rarely documented for such systems, and pooled multispecies estimates suggest that total fish biomass ranges from 5000 to 15 000 kg km 2 (Blaber, 1997) . The seasonal mean harvestable biomass for E. plumieri, M. incilis and C. spixii was estimated as 151, 147, and 122 kg km 2 , respectively, which were similar to estimates for the same families from a temperate estuarine lake in South Africa (Whitfield, 1993) .
Geostatistical models were useful tools for quantifying temporal variations in the spatial population structure at a fine resolution. The distribution pattern of fish biomass varied between species and there was a marked seasonality in the location of high biomass patches. Fish were randomly distributed in 33% of surveys, especially during the minor rainy season when the lowest biomass levels were encountered. In the remaining surveys, fish populations were most abundant and spatially structured in high biomass patches that varied from 2-15 km in diameter, particularly in the major rainy season of 1993-1994 and in the major and minor dry seasons of 1997. Clustered patterns could be explained by strong reproductive aggregations documented for the three species, especially close to or during the major rainy season (Sánchez et al., 1998;  Tíjaro et al., 1998; Rueda and Santos-Martínez, 1999) . In this sense, the most abundant E. plumieri and M. incilis had high biomasses during the major rainy (1993) (1994) and dry (1997) seasons, coinciding with particularly high values of primary productivity and flushing of organic matter (Hernández and Goke, 1990) . High biomass patches were located at sites that varied among species (Figures 3-5) , and this was especially noticed for the dominant E. plumieri and M. incilis, which had concurrent biomass peaks. Even though the opportunistic feeding behaviour enables these species to cope with a range of prey (Galvis, 1983; Blanco, 1983; Arenas and Acero, 1992) , diet overlap between species are probably reduced by these differential distributional patterns within the estuary and by different habitat preferences (Rueda and Santos-Martínez, 1999; Rueda, in press) . The above could also suggest that the differential location of high-biomass patches is the result of space partitioning as a way of reducing or avoiding ecological interdependencies.
Harvestable biomass corrected by selectivity indicated that estimates by geostatistical techniques were on average 16% lower than for swept area estimates (see Table 2 ). Variances have not been compared, because of the inappropriateness of comparing design-and modelbased estimators (Warren, 1998) . Differences between estimates can be explained by the weighed effect of kriging standard deviation for establishing size of areas within which reliable global estimates can be estimated.
Monte Carlo simulations, incorporating the uncertainty associated to resource abundance and vulnerability consistently indicated that, with the exception of E. plumieri for 1997, the spawning biomass to harvestable biomass ratio (B s /B h ) had low probabilities (i.e. <0.18) of falling below 0.3. However, E. plumieri in 1997 shows some indication of overexploitation, given a precautionary approach (B s /B h =0.3). This is consistent with the increase in juvenile bycatch from 56% in 1993-1994 to 83% in 1997, which could result in recruitment overfishing, as suggested by yield and biomass per recruit analyses (Rueda and Santos-Martínez, 1999) . For M. incilis (62%) and C. spixii (63%), juvenile bycatch remained fairly constant at high levels (Sánchez et al., 1998; Tíjaro et al., 1998; Rueda and Santos-Martínez, 1999) . The open access nature of the fishery in the CGSM aggravates the above scenario, and calls for a management redundancy framework (sensu Caddy, 1999 ) through a combination of operational measures (e.g. controls over fishing effort, gear selectivity, and mean length at capture) and explicit rights of access within specific area-season windows (e.g. controls based in spatial information on fish distribution).
In summary, we showed that experimental surveys with design-and model-based estimates of biomass can be effective fishery assessment tools in tropical estuaries. It must be emphasized that the simple equipment used and the active participation of fishers during the surveys and in the selectivity experiments enabled the acquisition of a complete database at very low research costs. This is particularly important for managing small artisanal fisheries in developing countries, where cost-effectiveness is essential to develop assessment tools for effective management frameworks and avoid overfishing.
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